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I. INTRODUCTION
Electromigration ͑EM͒ of solder joints in microelectronic devices has become a critical reliability issue due to continuous miniaturization and requirements for enhanced performance of the devices. 1 Recently, thermomigration ͑TM͒ has been regarded as another reliability concern as it has been found to accompany EM in flip chip solder joints. [2] [3] [4] [5] Ye et al. 2 reported the combined effect of TM and EM in eutectic SnPb solder joints, and they found that TM may assist or counteract EM depending on the direction of the thermal gradient. Huang et al. 3 reported the individual contribution of TM to the failure of SnPb solder joints. Their results showed that Pb atoms moved to the lower temperature side and Sn to the higher temperature side in SnPb composite solder joints. Pb-free solders are being widely used in the electronic industry to replace Pb-containing solders in recent years. The coming of the Pb-free solder era is driving researchers to investigate the reliability of the available Pb-free solders for practical applications. As a potential reliability issue of solder, TM in Pb-free solders has been reported in a few cases. [6] [7] [8] Recently, Sn58Bi solder has been used commercially to replace SnPb solder for low-temperature applications. 9 The EM behavior of Sn58Bi solder joints has been studied. 10, 11 However, there are no published studies that aim to explore the TM behavior of Sn58Bi solder. Therefore, this study is intended to investigate TM in Sn58Bi solder joints using a specific test structure.
TM in solder joints is a harder subject to study than EM due to the difficulty in creating a sufficiently large thermal gradient across a small solder joint. In a typical flip chip module, Joule heating generated by the metal trace on the chip side maintains the thermal gradient of the solder joint. 2 Chuang and Liu 12 have also reported an experimental setup which was heated on one side of the solder joint while it cooled the other side, and a thermal gradient of 1000°C / cm was established across the solder joint. In this study, by using the different thermal and electrical characteristics of Cu and Ni wires, a large temperature difference can be created on the two sides of the line-type Cu/Sn58Bi/Ni solder joint during the current stressing. Stressed with a current density of 5 ϫ 10 3 A / cm 2 at 50°C in different directions, the combined effect of TM and EM in Sn58Bi solder joints was explored.
II. EXPERIMENT
The line-type Cu/Sn58Bi/Ni solder joint was made of one Cu wire ͑99.98% purity͒, one Ni wire ͑99.98% purity͒, and one Sn58Bi solder ball with a diameter about 290 m by a typical reflow soldering process. Before soldering, the metal wires were cut and the ends were polished flat with 0.05 m Al 2 O 3 suspension. Then a flux coated solder ball was "nipped" between one Cu wire and Ni wire, aligned in a glass capillary with an inner diameter of 320 m. Finally, the metal wires were fixed in the glass capillary by glue and the assembly was ready for soldering. The soldering was carried out in an eight-zone forced convection reflow oven ͑BTU PYRAMAX 100N͒. The peak in the temperature profile was 178°C and the time above the melting point of eutectic SnBi was about 86 s. The metal wires were coated with a dielectric coating to prevent the solder from wicking a͒ Author to whom correspondence should be addressed. Tel./FAX: 00852 27887130/27887379. Electronic mail: eeycchan@cityu.edu.hk. down the wires during soldering. In this way, the molten solder ball only reacted with the metal wires at the two ends. After solidification, the Cu/Sn58Bi/Nisolder joint was formed and the capillary glass tube was removed. The width of the solder between the two ends of the wires was about 240-260 m and the length of each wire retained for the test was about 1.5 cm.
The tested solder joints were adhered to a V-groove on a FR4 substrate, as shown in Fig. 1 . The direction of the current flow was changed to detect the enhanced or counteracted effects of TM. During a test, a thermocouple was occasionally attached to the metal wires and the solder joints to monitor the local temperature. After the current stressing, the samples were mounted and cross sectioned carefully toward the center of the solder joint. Microstructural observations were performed using a Philips XL 40 FEG scanning electron microscope ͑SEM͒ equipped with an energy dispersive x-ray spectroscopy ͑EDX͒. Figure 2͑a͒ shows a typical cross section of an asreflowed Cu/Sn58Bi/Ni solder joint. The lighter color in the image stands for the Bi-rich phase and the darker color stands for the Sn-rich phase. Figures 2͑b͒ and 2͑c͒ are the local magnified micrographs of the interfaces at the Cu side and the Ni side, respectively. A layer of Cu 6 Sn 5 intermetallic compound ͑IMC͒ with an average thickness of 0.7 m formed at the interface between the Cu and the solder. The EDX analysis results showed that no Ni atom contained in the IMC, which agrees well with the result reported by Wang and Liu. 13 The IMC layer formed at the interface between the Ni and the solder is about 0.6 m, and this layer is composed of 42.9 at. % Sn atoms, 25.1 at. % Ni atoms and 32.0 at. % Cu atoms. According to the related reports [13] [14] [15] on the cross interaction, this IMC layer is suggested to be ͑Cu, Ni͒ 6 Sn 5 phase. Because the Cu diffuses faster than Ni, 16, 17 it is reasonable to detect lots of Cu atoms at the interface of the Ni side while few Ni atom at interface of the Cu side. Figure 3 illustrates cross sectional SEM images of two typical cases after direct current stressing with density of 5 ϫ 10 3 A / cm 2 at 50°C for 384 h. The direction of the electron flow in the two solder joints is opposite. For solder joint 1 ͓as shown in Fig. 3͑a͔͒ , the electron flow is from the Cu side to the Ni side and Ni side is the anode side. By contrast, the direction of the electron flow for solder joint 2 ͓as shown in Fig. 3͑d͔͒ is from the Ni side to the Cu side and the Cu side is the anode side.
III. RESULTS AND DISCUSSION
For solder joint 1, the microstructure of the solder joint is nearly homogeneous except for a thin Bi-rich layer accumulated at the anode side. The average thickness of this Birich layer is about 8.2 m. For solder joint 2, it can be seen that the microstructure of the solder joint tends to be inhomogeneous, where many Bi atoms accumulated at the anode side to form a thick Bi-rich layer so that a wide Sn-rich area was left at the cathode side. The average thickness of this Bi-rich layer is about 17.6 m and the average width of the Sn-rich band is about 30 m. Also, some voids were produced at the cathode side of joint 2, which is due to the migration of the Bi atoms toward the anode side and the consumption of Sn atoms by the reaction between Cu atoms and Sn atom at the cathode interface. Comparing the microstructure shown in Fig. 3͑a͒ with that shown in Fig. 3͑d͒ , it is not difficult to conclude that the migration of Bi atoms was more prominent when Cu wire was the anode. An appropriate explanation of this phenomenon is the combined effect of the TM and EM. A measurement of the local temperatures on the surface of the solder joint showed that there a certain thermal gradient existed in the powered line-type Cu/ Sn58Bi/Ni solder joint. The maximum temperature difference between the Ni wire and Cu wire was 42°C.
As shown in Fig. 3͑b͒ , the major phase of IMC layer at the Ni side in joint 1 is ͑Cu, Ni͒ 6 Sn 5 , and the average thickness is 0.8 m, which almost keep unchanged as compared with that of the as-reflowed one. It can be concluded that the growth rate of ͑Cu, Ni͒ 6 Sn 5 is rather low. The major phase of IMC layer at the Cu side in joint 1 is Cu 6 Sn 5 ͓as shown in Fig. 3͑c͔͒ , which is the same as the IMC in Fig. 2͑b͒ . The average thickness of this layer is about 1.1 m.
For solder joint 2, the IMC layer at the Ni side is ͑Ni, Cu͒ 3 Sn 4 phase ͑5.0 at. % Cu͒ and the IMC layer at the Cu side is Cu 6 Sn 5 phase without Ni atom contained. These two layers are almost the same thick and the average thickness is 2.1 m. Comparing the IMC layer of each side in the two solder joints, the IMC layer at Ni side or the Cu side of joint 1 is thinner than that of corresponding IMC layers in joint 2. According to the results reported by Labie et al., 18 the reaction rate of Cu and Sn is about two or three times of the reaction rate of Ni and Sn at ambient temperature of 100-125°C. Chen and Chen 19 also reported that Ni 3 Sn 4 phase at the cathode side was retarded while that at the anode side was enhanced during the current stressing. Therefore, it seems that these results are in conflict with the reported literature. 18, 19 These abnormal results will be discussed in detail later.
It is worth noting that in the Sn-rich area, as shown in Fig. 3͑f͒ , fine Bi grains are uniformly dispersed in the Sn matrix. This means that the lamellar microstructure after the test is much finer than that before the test. A similar phenomenon was observed in eutectic SnPb solder joints. 5, 20 Ouyang et al. 20 proposed that the refinement of the microstructure was due to entropy production during the TM process.
In addition, a three-dimensional thermal-electric finite element simulation of the real structure was conducted to determine the temperature distribution in the solder joint. In the simulation model, the width of the solder between the two ends of the wires is 260 m and the length of each wire is 1.5 cm. The parameters used in the simulation are listed in Table I . [21] [22] [23] The temperature coefficient of resistivity ͑TCR͒ of Sn58Bi refers to that of Sn37Pb solder. Figure 4͑a͒ displays the temperature distribution in the line-type Cu/ Sn58Bi/Ni test structure with a 3.3 A current applied at temperature of 50°C. It is clear that the higher temperature side FIG. 3 . SEM images of the cross section of two Cu/Sn58Bi/Ni solder joints after current stressing with current density of 5 ϫ 10 3 A / cm 2 at 50°C for 384 h. ͑a͒ Cross section of solder joint 1 that Ni as anode, ͓͑b͒ and ͑c͔͒ local magnified images for the anode side and cathode side of joint 1, ͑d͒ cross section of solder joint 2 that Ni as cathode, ͓͑e͒ and ͑f͔͒ local magnified images for the anode side and cathode side of joint 2. is the Ni wire and the lower temperature side is the Cu wire. The maximum temperature difference between the two wires was above 69.8°C, which is 27.8°C higher than the value measured by thermocouples. Figure 4͑b͒ shows the temperature distribution in the solder joint only. It is evident that a temperature difference above 13.7°C between the higher and the lower temperature sides existed in the solder. The thermal gradient across the solder is 527°C / cm, which is lower than the reported values in flip-chip structures. 2, 5 Due to low melting point ͑138°C͒ of Sn58Bi solder, we suggest a thermal gradient of this magnitude may be enough to trigger the TM.
To explain the abnormal results above, the atomic fluxes at both sides were analyzed and the IMC at the Cu side was regarded as a single Cu 6 Sn 5 phase. Figures 5͑a͒ and 5͑b͒ illustrate the major atomic fluxes in the solder joints stressed with current in different directions. Three basic assumptions are introduced in our analysis. First, only Cu flux for Cu-Sn IMC growth is taken into consideration because Cu has been found to be the dominant diffusing species in Cu-Sn IMC formation. 24 Second, as Sn is the dominant diffusing species during Ni 3 Sn 4 IMC development, 15, 19 only the Sn flux for the Ni 3 Sn 4 formation is considered. Third, the Cu atomic flux and the Ni atomic flux induced by the thermal gradient were ignored in the formation of the IMCs.
During the current stressing, metal atoms will migrate toward the anode side so the atomic flux induced by the EM is in the direction of electron flow. As TM is mass transport under a thermal gradient, Bi will have a similar characteristic to Pb, thus the atomic flux of Bi induced by TM should be from the higher to the lower temperature side. Undergoing the TM, the Sn atoms move from the lower to higher temperature side.
The IMC growth at the anode and the growth at the cathode are related through the Cu flux J em,Cu2 in the solder for the IMC dissolves at the cathode side and supply Cu atoms for the IMC growth at the anode side. For the joint 1 ͓as showed in Fig. 5͑a͔͒ , the Cu-Sn IMC at the cathode dissolved into the solder and Cu atoms diffused to the anode side, then Cu atoms reacted with Sn atoms and Ni atoms to form ͑Cu, Ni͒ 6 Sn 5 . The flux induced by EM ͑J em,Cu1 ͒ and flux induced by chemical potential gradient ͑J chem,Cu ͒ in the IMC are two major contributors for the diffusion of the Cu atoms. For the solder joint before current stressing, ͑Cu, Ni͒ 6 Sn 5 IMC existed at the interface of the Ni side. When the Ni side used as cathode side ͓as joint 2 in Fig.  5͑b͔͒ , under the action of the electric current, the existed ͑Cu, Ni͒ 6 Sn 5 IMC at the cathode dissolved and released Cu atoms into the solder, and ͑Cu, Ni͒ 6 Sn 5 phase turned into ͑Ni, Cu͒ 3 Sn 4 phase. As the ͑Cu, Sn͒ 6 Sn 5 had a lower growth rate compared to that of Ni 3 Sn 4 , 25 it is reasonable to find that the IMC at the Ni side of joint 1 is thinner than the IMC at the Ni side of joint 2. This phenomenon can be explained as EM-enhanced cross interaction between the Cu and Ni across the solder joint. The electric current induced dissolution of Cu-Sn IMC at the cathode side is the main reason that the Cu 6 Sn 5 IMC at the Cu side of joint 1 is thinner than that of joint 2.
In solder joint 2, the Sn flux pushed by the Bi atoms is responsible for the result that the ͑Ni, Cu͒ 3 Sn 4 IMC at the cathode side is almost the same thick as the Cu 6 Sn 5 IMC at the anode side. As showed in Fig. 5͑b͒ , the Bi flux ͑J em,Bi ͒ induced by EM is in the same direction of the Bi flux ͑J tm,Bi ͒ induced by TM and both toward the Cu side. Driven by the electric current and the thermal gradient, the Bi atoms transferred rapidly toward the Cu side, and many Sn atoms were pushed back to the Ni side simultaneously. The pushed Sn flux was in the same direction of the diffusion of Sn driven by the chemical potential gradient. As Sn atom is the dominant diffusing species in the development of the Ni 3 Sn 4 , the Sn flux toward the Ni side enhanced the growth of the Ni 3 Sn 4 IMC of this side. It is worth noting that the EM induced dissolution of the ͑Cu, Ni͒ 6 Sn 5 at the initial stage of the current stressing also played an important role in the development of ͑Ni, Cu͒ 3 Sn 4 at the Ni side. In short, EM and TM enhanced the growth of ͑Ni, Cu͒ 3 Sn 4 IMC at the Ni side when it was set as cathode side. At the same time, the Cu-Sn IMC growth at the anode side was retarded due to two factors. First, the flux induced by EM in the Cu-Sn IMC ͑J em,Cu3 ͒ was in the opposite direction of the chemical potential diffusion of Cu atoms ͑J chem,Cu ͒ and counteracted the flux J chem,Cu . Second, the Bi-rich layer act as barrier between reaction of the Sn atoms and the Cu atoms. Due to the above reasons, the Ni 3 Sn 4 at the cathode side was the same thick as the Cu-Sn IMC at the anode side in despite of the reaction rate of Cu and Sn is about two or three times of the reaction rate of Ni and Sn during the solid aging. 18 As discussed above, a thermal gradient of 527°C / cm was created across the solder joint when the joint current stressed with a density of 5 ϫ 10 3 A / cm 2 at 50°C, and the Ni side was the higher temperature side while the Cu side was the lower temperature side. For the solder joint with the anode at the Ni side ͓joint 1 in Fig. 5͑a͔͒ , the Bi flux ͑J tm,Bi ͒ induced by the thermal gradient was in the opposite direction to the Bi flux ͑J em,Bi ͒ induced by EM, and the effects of TM thus counteracted the effects of EM. The total flux of Bi atoms ͑J 1 ͒ in the direction of the electron flow in this case can be expressed as
On the other hand, for the solder joint with the anode at the Cu side ͓joint 2 in Fig. 5͑b͔͒ , the Bi flux ͑J tm ͒ induced by the thermal gradient was in the same direction of the Bi atom flux ͑J em ͒ induced by EM, and thus TM enhanced the effect of EM. The total flux of Bi atoms ͑J 2 ͒ in the direction of the electron flow can be expressed as
Obviously, J 2 is bigger than J 1 . Therefore, the thickness of the Bi-rich layer in solder joint 2 was thicker than that in solder joint 1. By measuring the thickness of Bi-rich layer at the anode side, the total volume of atomic transport can be obtained from the product of the thickness of Bi-rich layer and the cross sectional area of the solder joint. Therefore, the total atomic flux of Bi due to TM and EM can be calculated from
where ⌬C Bi is the change of Bi concentration ͑atomic fraction͒ in the Bi-rich layer ͑0.56͒, X is the thickness of the Bi-rich layer, A is the cross-sectional area of the solder joint ͑66 018.5 m 2 ͒, is the density of Bi ͑9.8 g / cm 3 ͒, M is the molecular weight of Bi ͑208.98 g/mol͒, N is Avogadro's number ͑6.02ϫ 10 23 atoms/ mol͒, and t is the time ͑384 h͒. Then Eq. ͑3͒ can be simplified to J = 1.144 ϫ 10
16 X͑atoms/cm 3 s͒. ͑4͒
Taking the thicknesses of the Bi-rich layer X 1 = 8.2 ϫ 10 −4 cm ͑solder joint 1͒ and X 2 = 1.76ϫ 10 −3 cm ͑solder joint 2͒ into Eq. ͑4͒, the total atomic fluxes in these two cases can be obtained. By further inserting Eq. ͑4͒ into Eqs. ͑1͒ and ͑2͒, the flux of J em and J tm can be differentiated. The J em,Bi calculated is 1.48ϫ 10 13 atoms/ cm 2 s and J tm,Bi is 5.38ϫ 10 12 atoms/ cm 2 s, which indicates that the Bi flux induced by TM is nearly the same magnitude of that induced by EM. So the atomic migration due to TM cannot be ignored.
IV. CONCLUSION
In summary, by applying an electrical current in opposite direction, the combined effects of TM and EM in Cu/ Sn58Bi/Ni solder joints were detected. If the direction of the thermal gradient was in the direction of the electron flow, TM assisted EM and enhanced the diffusion of Bi atoms. Otherwise, TM counteracted EM and retarded the diffusion of the Bi atoms. From the thicknesses of Bi-rich layers of the two solder joints, the Bi atomic fluxes induced by EM and TM were estimated to be 1.48ϫ 10 13 and 5.38 ϫ 10 12 atoms/ cm 2 s, respectively. Due to the EM-enhanced cross interaction between Cu and Ni, the IMC at Ni side or the Cu side of the joint that electron flow was from the Cu side to the Ni side is thinner than that of corresponding IMC in the joint stressed with current in opposite direction. During the reflow process of the Cu/Sn58Bi/Ni solder joint, ͑Cu, Ni͒ 6 Sn 5 IMC formed at the interface between Ni and solder side and Cu 6 Sn 5 without Ni atoms contained formed at the interface between Cu and the solder. After current stressing, the existed ͑Cu, Ni͒ 6 Sn 5 IMC at the Ni side turned into ͑Ni, Cu͒ 3 Sn 4 when Ni wire set as cathode, while it was still ͑Cu, Ni͒ 6 Sn 5 when Ni wire was anode. Regardless of the directions of the electric current, the IMC at the Cu side was remained as Cu 6 Sn 5 . For the joint that the electron flow is from the Ni side to the Cu side, the growth of ͑Ni, Cu͒ 3 Sn 4 at the cathode side was enhanced by EM and TM, while the growth of Cu 6 Sn 5 at the anode side was retarded.
